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(57) Abstract 

A measuring instru- 
ment is disclosed having a 
reversibly selective bind- 
ing protein immobilized 
upon the insulated-gate re- 
gion of a field-effect tran- 
sistor located on a sensor. 
With the sensor immersed 
in solution, the protein 
binds a select component 
of the solution to the gate 
producing an effect on a 
current flowing through 
the IGFET. A plurality of 
such binding protein-IG- 
FET arrangements can be 
provided on the same sen- 
sor, including the same 
binding proteins having 
different binding coeffi- 
cients K D or an array of proteins with different ligand specificity and/or affinity. Analysis of the IGFET's response to 
binding by a microprocessor allows, for example, the concentration of the component in solution to be determined. With a 
plurality of different binding proteins employed, the concentration of different components can be determined. Similarly, 
with binding proteins employed having different binding coefficients K D , the output of the sensor can be analyzed in eith- 
er a digital or analog manner, or some combination of the two. To release the component from the protein, heat can be ap- 
plied to the sensor through a resistive bank integrated into the sensor chip. Alternatively, the application of a reverse bias 
to the gate can be used to enhance release. 
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A SYSTEM EMPLOYING A BIOSENSOR TO MONITOR 
A CHARACTERISTIC OF A SELECT COMPONENT IN A MEDIUM 

Field of the Invention 
This* invention relates to measuring systems employing sensors 
5 and, more particularly, to measuring systems employing sensors to monitor a 
select component of a medium. 

Background of the Invention 
It is often desirable to monitor particular characteristics of a 
certain component of interest found in a medium. For example, the monitoring 
10 of phosphate levels Jn sewage is useful to determine whether the sewage has 
been adequately treated. Similarly, in virtually any chemical processing system, 
knowledge of the concentration of a particular component in solution can be 
useful for system control. Further, in biomedical applications, information 
concerning the concentration of certain components in body fluids such as blood 
15 can be extremely important to the proper diagnosis of a patient's condition. 

Given the diversity of characteristics, components, and media 
that may be involved, a system, including a measuring instrument and a sensor, 
that is able to accurately produce measurements under these different conditions 
is subject to numerous design constraints. For example, the system may be 
20 required to provide a selective response to a particular characteristic and 
component of the media. The system may also be called upon to automatically 
respond to changes in the characteristic of the component, providing updated 
information with minimal operator intervention. In certain applications, the 
system sensor preferably would have a relatively long life and be reuseable 
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without adverse effect upon its accuracy. Alternatively, it may be desirable in 
some instances to employ a sensor that is disposable. Finally, it would be 
desirable to produce a system that is either precalibrated, or requires no 
calibration, and whose size, complexity and cost are kept to a minimum. 

5 Summary of the Invention 

In accordance with this invention, a system is provided for 
detecting a characteristic of a component of a medium. The system includes a 
sensor having a detector that responds electronically when exposed to the 
component and a binding element for binding the component to the detector. 

10 The instrument also includes a processor that is coupled to the sensor and 
produces an output indicative of the characteristic of the component of the 
medium. 

In a preferred arrangement, the binding element reversibly binds 
the component to the detector, the medium Is a solution and the characteristic 

15 of interest is the components concentration in the solution. The binding element 
is an organic or inorganic ligand binder. 

In accordance with a particular aspect of the invention, the 
detector is a semiconducting material comprising an insulated gate field-effect 
transistor. The transistor has a gate insulator region, source region and drain 

20 region. The organic or inorganic ligand binder is coupled to the gate insulator 
region, while the processor applies an electronic signal between the source 
region and drain region of the transistor. The binding of the component to the 
gate insulator region influences the signal and the processor responds by 
producing an output indicative of the characteristic of the component. 

25 In accordance with a further aspect of the invention, a plurality 

of insulated gate field-effect transistors are employed, with a separate organic 
or inorganic ligand binder being coupled to the gate region of each transistor. 
The separate organic or inorganic ligand binders may bind the same components 
and have the same or different binding coefficients, or may bind different 

30 components. 

In accordance with another aspect of this invention, a method of 
detecting a characteristic of interest of a component of a medium is provided. 
The method includes the Step of binding the component to a semiconducting 
element that responds lectronically to the component. Then, the electronic 

35 
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response of the semiconducting element is monitored and an output indicative of 
the characteristic of interest is produced, the output being a function of the 
electronic response monitored. 

Brief Description of the Drawings 

5 The invention will presently be described in greater detail, by way 

of example, with reference to the accompanying drawings, wherein: 

FIGURE 1 is a pictorial view of a measuring system constructed 
in accordance with this invention, including a sensor, detachably connected to a 
console that controls the sensor and responds to information received from the 

10 sensor; 

FIGURE 2 is a pictorial view of an alternative embodiment of the 
measuring system shown in FIGURE 1, including a discrete sensor} 

FIGURE 3 is a block diagram of the measuring system illustrated 
in FIGURES 1 and 2; 

15 FIGURE 4 is a more detailed block diagram of the measuring 

system illustrated in FIGURE 3; 

FIGURE 5 is a pictorial representation of a portion of a sensor 
constructed in accordance with this invention? 

FIGURE 6 is a schematic representation of the sensor represented 

20 in FIGURE 4} 

FIGURE 7 is a pictorial representation of a sensor, constructed in 
accordance with this invention, having a plurality of sensing regions; and, 

FIGURE 8 is a graphical illustration of the response of a 
particular sensor, constructed in accordance with this invention, to the changing 
25 concentration of a component in solution. 

Detailed Description of the Preferred 
^ Embodiment of the Invention 
Referring now to FIGURE 1, a measuring system 10 constructed 
in accordance with this invention is illustrated. As shown, measuring system 10 
30 includes an instrument console 12 and a detachable sensor assembly 14. The 
distal portion of sensor assembly 14 includes a sensor element 16, which is 
exposed to the media containing the component of interest. The sensor 
element 16 is electronically and mechanically coupled to console 12 by a cable 
18. A connector 20, provided at the proximal end of cable 18, allows sensor 
35 assembly 14 to be detachably connected to console 12. 
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The operation of sensor assembly 14 is controlled, in part, by 
instructions introduced through a user input such as a keypad 22 provided on the 
instrument console 12, The internal circuitry of console 12 monitors the 
particular characteristic of the component of interest by analyzing signals from 

5 sensor element 16 in the manner described in greater detail below* The resultant 
information is then displayed to an operator via display 24 and can also be used 
in a feedback control system to adjust system parameters. 

In an alternative to the embodiment of the measuring system 10 
shown in FIGURE 1, the instrument console 12 is dimensioned to be handheld and 

10 is used with a discrete sensor element 16 cassette. As shown in FIGURE 2, the 
sensor element 16 is insertable into console 12, which electrically and 
mechanically engages the sensor element 16 in a manner described in greater 
detail below. 

Like the embodiment of system 10 shown in FIGURE 1, the 

15 operation of the discrete sensor element 16 is controlled, in part, by instructions 
introduced through a user input, such as a keypad 22, provided on the instrument 
console 12. A particular characteristic of the component of interest is 
monitored via console 12 by the analysis of signals from sensor element 16, as 
described below. The information produced by console 12 is then displayed to 

20 the operator via a display 24. 

A basic block diagram of the measuring systems 10 of FIGURES 1 
and 2 is shown in FIGURE 3. As shown, sensor assembly 14 is controlled by, and 
provides information to, the processing circuit 26 located within console 12. The 
operation of processing circuit 26 is controlled, in part, by operator instructions 

25 received via input elements 28* Display elements 30 convert information from 
processing circuit 26. into a form usable by the operator. Similarly, control 
elements 32 convert information about the characteristic of interest received 
from processing circuit 26 into forms usable by a feedback control system. 

Turning now to a more detailed description of the various 

30 components of measuring system 10, the detachable sensor assembly 14 is first 
considered. As shown in the more detailed block diagram of system 10 provided 
in FIGURE 4, sensor element 16 includes a binding element 32 immobilized on a 
semiconducting element 34. The function of binding element 32 is preferably to 
selectively and reversibly bind the component of interest to the semiconducting 
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element 34 when sensor element 16 is exposed to, for example, a solution. As 
will be discussed in greater detail below, the binding of certain select 
components to the semiconducting element 34 induces a measurable response in 
semiconducting element 34. As a result, the concentration or activity of the 

5 component in solution, for example, can be monitored as a function of the 
electronic characteristics of the semiconducting element 34. The electronic 
response of semiconducting element 34 is applied to a conditioning circuit 36 
which may also be included on sensor element 16. As described below, circuit 36 
appropriately conditions the response of semiconductor element 34 for 

10 transmission to processing circuit 26 via cable 18. A binding reversal element 38 
is additionally included on sensor element 16 to reverse the action of the binding 
element 32. 

Addressing these components of sensor element 16 in greater 
detail, binding element 32 is preferably a biologically active molecule 

15 immobilized on the semiconducting element 34. Such biologically active 
molecules are selected from proteins, protein fragments and binding partners 
that are capable of forming reversible binding complexes with the component, 
which is typically a small molecule ligand. The preferred biologically active 
molecules are a class of proteins termed "binding proteins" that reside in the 

20 space between the inner and outer membranes (periplasmic space) of the gram- 
negative prokaryotes. These proteins bind their respective nutrients with high 
specificity and affinity. These proteins also bind their respective ligand through 
a broad range of pH values and ionic strengths. 

It is known that protein ligand binding causes a conformational 

25 change in the protein (Ames, G.F.L., Ann. Rev. Biochemistry, 1986, 55*397-425) 
resulting in a tight binding complex. Binding affinities (K D ) for ligand binding 
proteins are described in Furlong, C.E., Methods in Enzymology 125: 279-289 
(1986), hereby incorporated by reference. The high ligand affinity of these 
proteins is directly related to a low dissociation rate, requiring that these 

30 proteins be "encouraged" to release their ligand by external stimulus to prevent 
the sensor from remaining saturated. It has been discovered in accordance with 
the present invention that prokaryote periplasmic binding proteins which have 
formed a high affinity complex with a ligand will release the ligand upon heating 
(for example to temperatures above 75°C for the phosphate-binding protein) and 
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that the binding protein will renature to its original conformation upon cooling to 
ambient temperature, provided that the binding protein is immobilized on a 
surface prior to heating. If the protein is not immobilized, denaturing by heating 
causes irreversible protein coagulation. Thus, these binding proteins may be 

5 suitably employed in a sensor for detecting low concentrations (near the Kq) of 
ligands in aqueous solution and they may be cycled by heating and cooling or 
other reversibly denaturing conditions such as organic solvents and chaotropic 
agents to release the bound ligand and regenerate the active sensor. 

As will be appreciated, the ligand of interest may be a charged or 

10 uncharged species. The corresponding binding protein may be selected from 
those described by Furlong, as referenced above. Still other proteins suitable for 
use include those described by Copeland, B.R. et al., J. BioLChem. 257 15065* 
15071 (1982), herein incorporated by reference. 

In general, the biologically active molecule need only bind its 

15 ligand with an affinity and specificity appropriate to the particular application. 
A general procedure for identifying and isolating proteins is described by 
Copeland, B.R. et aL, referenced above. The entire protein may not be 
necessary if an active binding domain of a protein can be isolated and if the 
domain can be reversibly denatured. 

20 It is preferred that the K D of the binding protein be near the 

concentration of the solution being analyzed. If the concentration of ligand in 
solution is higher than the K D of the protein, the measuring system can employ a 
feedback controlled dilution system to adjust, calculate and control the 
necessary dilution of the original solution to bring it within measurement range 

25 for a given binding protein attached to the semiconducting element 34. 

The means for Immobilizing a binding component 32 on 
semiconducting element 34 depends on the composition of semiconducting 
element 34. When the binding protein is immobilized on a silicon dioxide region 
at the surface of semiconducting element 34, described in greater detail below, 

30 the silicon dioxide surface is preferably derivatized using vapor phase deposition 
of silane compounds, such as 3-aminoprophyltriethoxysilane (APTES). Vapor 
phase deposition in this manner deposits a chemically active layer of the silane 
compound covalently bonded to the SI0 2 surface. Alternatively, the surface can 
be derivatized using liquid phase deposition. 
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A binding protein, selected from those previously described, is 
then immobilized on the derivatized surface of the semiconductor by a covalent 
bond. Bonding the protein to the derivatized Si0 2 surface must be conducted 
under conditions that preserve the biological activity of the binding protein. 

5 Bifunctional cross-linkers, of the type disclosed in the 1986-87 catalog of the 
Peirce Chemical Company, Rockfork, Illinois, pages 312-340, herein incorporated 
by reference, are suitable. 

Turning now to a more detailed description of semiconducting 
element 34, reference is had to FIGURE 5. As shown, semiconducting 

10 element 34 is preferably configured as an insulated-gate, field-effect transistor 
(IGFET) 40. As noted previously, the function of semiconducting element 34 is 
to respond electronically to the action of binding element 32. The IGFET 
configuration is preferred for its extremely high input impedance, which limits 
the influence that semiconducting element 34 has on binding element 32. 

15 As shown in the representation of IGFET 40 provided in 

FIGURE 5, IGFET 40 is constructed for operation in an n-channel depletion- 
mode. More particularly, IGFET 40 includes a substrate 42 f ormed of a 
semiconducting material, such as silicon, that has a p-type impurity added to 
increase the number of positive charge carriers, or holes, present in the 

20 material. Separate source 44 and drain 46 regions are provided at spaced-apart 
locations on the surface of substrate 42. While the source 44 and drain 46 are 
also preferably made of a silicon semiconducting material, they are heavily 
doped with an n-type impurity that significantly increases the number of 
negative charge carriers, or electrons, present in the material. A channel 48 of 

25 semiconducting material extends between source 44 and drain 46 and is lightly 
doped with an n-type impurity to provide a relatively low conductivity. An 
insulative material 50, such as silicon dioxide, is deposited over channel 48 to 
produce the high input impedance noted above. A gate region 52 of IGFET 40 is 
defined by the insulating material 50 and, in this case, has the previously 

30 described binding element 32 immobilized thereon. A gate electrode 53 is 
spaced apart from the gate region 52 and allows a reference voltage to be 
applied to the gate region 52. Ohmic contacts 54 allow the substrate 42, source 
44 and drain 46 regions of IGFET 40 to be connected to external circuitry, while 
the remainder is insulated by dielectric material 55. 
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Operation of IGFET 40 is basically as follows. With the source 44 
and substrate 42 electronically connected and no voltage applied to the 
gate insulator 50 via reference electrode 53, the application of a small positive 
voltage V DS between the drain 46 and source 44 establishes a reverse-bias across 

5 the p-n junction. The reverse bias forms a depletion region between the 
channel 48 and substrate 42 that effectively isolates the two regions. With 
IGFET 40 operated in this manner, current flows from source 44 to drain 46 
through the channel 48, which acts as a resistor whose resistance depends on the 
physical construction of channel 48. 

10 Now, assume that binding element 32 has been constructed to 

selectively bind a negatively charged component in solution to gate insulator 50. 
The resultant negative potential, which may be supplemented by an external 
gate-to-source voltage via electrode 53, produces a field at the insulative 
material 50 that repels electrons in the n-type material of channel 48. As a 

15 result, the conductivity of channel 48 decreases and, at some point, Vp, the 
magnitude of the gate-to-source voltage V GS may become sufficiently large to 
effectively "pinch off" channel 48, preventing the flow of drain current I D . 
Below pinch-off and for relatively low drain-to-source voltages V Dg (less than 
V GS -Vp), IGFET 40 effectively acts as a voltage-controlled linear resistance, 

20 . with the gate potential produced by the operation of binding element 32 and any 
external source controlling resistance. For larger values of V Dg , however, the 
drain current I D varies only with V Gg and is not a function of V DS . 

As will be appreciated, an IGFET 40 constructed in the foregoing 
manner can be used to detect the concentration of the component in solution in 

25 the following manner. With the appropriate binding element 32 immobilized 
upon insulative material 50 and some reference to the substrate 42 provided, 
Vq S is a function of the number of negatively charged components bound to 
insulative material 50. With a constant voltage V DS applied from processing 
circuit 26, the drain current I D is inversely proportional to the magnitude of V Gg 

30 and, hence, the concentration of the negatively charged component in solution. 

Although semiconducting element 34 has been described as an 
n-channel, depletion-mode IGFET constructed of silicon with a silicon dioxide 
insulativ lay r, various other configurations could be employed. For example, 
IGFET 40 could be constructed for use with a p-type channel as well as for use in 
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an enhancement-mode. Alternative semiconducting materials that can be used 
in IGFET 40 include Ge, SiC, silicon-on-sapphire and GaAs, while other usable 
insulating materials include SI 3 N 4 , A1 2 0 3 , tantalum oxide, and titanium oxide. 
Alternatively, those skilled in the art will appreciate that certain metals such as 

5 aluminum, antimony, chrome, gold, platinum, silver and metal/metal oxide 
systems of these metals can be used to construct metal and/or metal/metal 
oxide electrodes which could be employed to measure conductance, resistance or 
potentiometric changes in response to the operation of the binding element 32 in 
solution. Further, it is contemplated that constructions employing junction 

10 field-effect transistors, bipolar transistors, gate-controlled diodes, capacitors, 
charge coupled devices, diodes, and unijunction transistors could be employed, 
with the charge generation, charge redistribution, change in dipole moment, 
change in conductivity, or change in capacitance caused by the operation of 
binding element 32 upon the component in solution producing an electronic 

15 response that can be correlated to, for example, the concentration of the 
component. 

In the particular IGFET 40 construction represented in FIGURE 4, 
IGFET 40 preferably has a gate region 52 whose dimensions are on the order of 
10 microns by 200 microns and a substrate resistivity of six to ten ohms- 
20 centimeter. The depth of the silicon dioxide insulative layer SO is 
approximately 500 to 1000 A and has a surface area corresponding to that of 
gate region 52. 

With the binding proteins 32 immobilized on the insulative 
material 50 in the manner described above, a protein density per square 

25 centimeter of gate insulator region 52 of approximately 10 13 can be achieved. 
In this manner,.. when a protein 32 -having a K D of one is employed, and the 
proteins 32 have completed their binding of the component to the insulative 
material 50, the resultant charge at the gate or gate insulator 52 produces a 
voltage sensitivity when referenced to the substrate that is on the order of the 

30 Nernstian Response (60 mV/decade/equivalent charge). 

Turning now to a more detailed description of the conditioning 
circuit 36 illustrated in FIGURE 4, the function of conditioning circuit 36 is to 
condition the electronic response of IGFET 40 to the action of binding 
protein 32, so that the response is more easily received and analyzed by 

35 
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processing circuit 26. Because of the relatively small variations in the charge or 
other electronic signal produced at the gate insulator 50 by the operation of 
binding protein 32, conditioning circuit 36 must be responsive to relatively slight 
input variations. Further, because information in digital form is frequently more 

5 N easily stored and processed by subsequent circuitry, conditioning circuit 36 
preferably converts the response of IGFET(s) 40 into digital form. 

In light of the foregoing observations, the use of unstably 
operated flip-flops in conditioning circuit 36, as briefly described below, is 
preferred. Additional detail concerning flip-flops operated in this manner is 

10 provided by D. Lian and S. Middelhoek In Flip-Flop Sensors: A New Class Of 
Silicon Sensors, 9 Sensors and Actuators, 259-268 (1986). As shown in FIGURE 6, 
at least one flip-flop 56 is employed. Flip-flop 56 may be of the reset-set type 
commonly designated RS and constructed, for example, with two cross-coupled 
NOR gates having inputs designated R and S and producing outputs designated Q 

15 andQ. 

Basically, the flip-flop 56 has two stable states. In one stable 
state, the Q outpuHs high and the Q output is low. In the other stable state, the 
Qoutput is high and the Q output low. If an abrupt voltage pulse is applied to the 
S input of flip-flop 56, flip-flop 56 is brought into an unstable state. With the 

20 flip-flop 56 in this unstable state, it is highly sensitive to remaining or injected 
charges, asymmetries in the NOR gates, noise, and input signals. 

Without the influence of input signals, the probability that the 
flip-flop 56 will transfer to one or the other of the stable states can be 
determined statistically. Then, with the IGFET 40 connected to the S input of 

25 flip-flop 56, even an extremely low signal variation from IGFET 40 will have an 
easily measured effect on the probability of a particular stable state of flip- 
flop 56 occurring. More particularly, the number of ones produced at output Q, 
for example, can be counted over a period during which the flip-flop 56 is 
repeatedly brought into an unstable state at a high frequency. The ratio between 

30 the number of high outputs at the Q output to the number of unstable states can 
then be used to indicate the response of IGFET 40 to the operation of binding 
element 32. As a result, accuracy is enhanced both by the sensitivity of each 
Individual measurement produced in this manner and the ability t repeat that 
measurement a relatively large number of times within a short time frame. 

35 
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The foregoing operation of IGFET 40 and flip-flop 56 can perhaps 
be more readily understood in connection with the diagram provided in 
FIGURE 6. As shown, IGFET 40 is connected with its drain 46 and source 44 in 
series with the S input of flip-flop 56. A voltage pulse from processing circuit 26 
5 is then applied to the drain 46 of IGFET 40 and input R of flip-flop 56, which are 
electronically connected. As will be appreciated from the preceding discussion, 
the imbalance produced by the IGFET 40 as a result of the operation of binding 
element 32 effects the probability of either the Q or Q output being high. These 
outputs are continuously monitored by processing circuit 26, which then 
IQ compares them with the number of voltage pulses applied to sensor element 16 
to determine the concentration of the component in solution. As will be 
appreciated, the comparison between outputs and voltage pulses may vary 
directly or inversely in proportion to the concentration being determined 
depending upon the particular configuration of the IGFET 40 employed, the 
15 binding protein 32 selected, and the charge of the component of interest. 

Given the time delays involved in the logic elements employed in 
flip-flop 56, it may be desirable to control flip-flop operation through a clock 
input designated C c . Further, the details of flip-flop 56 can be varied and J-K 
flip-flops, D flip-flops and master-slave flip-flops, for example, can be employed 
20 in place of the RS flip-flop illustrated. Regardless of the construction of flip- 
flop 56, however, it is preferably a solid-state device integrated with the 
IGFET 40 onto a single substrate. As is discussed in greater detail below, a 
plurality of such combined IGFETs 40 and flip-flops 56 can be used to provide a 
continuum of responses to a particular characteristic of a component in solution 
25 or to respond to various components, depending on the particular binding 
elements 32 selected. 

The final section of sensor element 16 to be discussed is the 
binding reversal element 38. As suggested above, the particular binding 
element 32 selected can be induced to release the component bound to the 
30 insulative material 50 by increasing the temperature of the gate 52 to 
approximately 75 °C. To produce the required temperature change, diffused or 
thin-film resistors 58 can be integrated with the other components or the sensor 
element 16. The number, location, and resistivity of resistors 58, as well as the 
voltage applied, determines their power loss and, hence, the heat transferred to 
35 sensor element 16. 



WO 88/08972 



-12- 



PCT/US88/01494 



While thermal binding reversal can also be achieved by the 
immersion of sensor element 16 in water of a sufficiently high temperature, or 
through the use of denaturing agents, the use of resistors 58 allows the release of 
components to be effected in situ under the automatic control of processing 
5 circuit 26. As will be discussed in greater detail below, this feature has 
numerous advantages when employed in automatic control circuitry* To enhance 
the efficiency of the reversal performed by resistors 58, or to allow a more 
complete reversal at lower temperature, the charge at the surface of gate 52 
may also be reversed. 

10 As will be appreciated, and as is discussed in greater detail below, 

sensor element 16 may include a plurality of IGFETs 40 and flip-flops 56. The 
insulative material 50 of each IGFET 40 may have the same or different binding 
elements 32 immobilized thereon and the binding coefficients K D of the various 
immobilized binding elements 32 may be the same or different, as desired. For 

15 the purpose of illustration, the discussions of system 10 operation below will 
treat the sensor element 16 shown in FIGURE 1 as including a single IGFET 40, 
while the sensor element 16 depicted in FIGURES 2 and 7 will be considered as 
having five separate IGFET 40 and flip-flop 56 sections schematically designated 
A, B, C, D, and E. 

20 Turning now to a more detailed discussion of the processing 

circuit 26 shown in FIGURE 3, reference is again had to FIGURE 4. As shown, 
information received from sensor element 16 is conditioned by an Input 
interface 60 for transmission to a microprocessor 62. As noted previously, with 
the use of flip-flop 56, this information includes high and low flip-flop outputs 

25 produced in response to the voltage pulses applied by microprocessor 62 to the 
drain 46 of IGFET 40 and the S Input of flip-flop 56 in accordance with program 
instructions stored in read-only memory (ROM) 64. A random-access memory 
(RAM) 66 stores the number of voltage pulses applied by microprocessor 62 to 
the sensor element 16 during a predetermined time interval, allowing 

30 microprocessor 62 to compute the percentage of times that a particular stable 
state of flip-flop 56 is achieved during that interval. 

In accordance with further instructions stored in ROM 64, 
microprocessor 62 compares this percentage with data representing an 
empirically derived calibration curve, also stored in ROM 64. The calibration 
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curve is basically a plot of independently determined information correlating, for 
example, various percentages of high flip-flop 56 output states and the 
corresponding component concentrations. Thus, by referring to the data in 
ROM 64, microprocessor 62 is able to determine the concentration of the 

5 component of interest in solution. 

An output interface 68 provides the information concerning 
concentration to the display elements 30. In the embodiment shown in 
FIGURE 1, the physical display 24 includes an alphanumeric display 70, such as a 
light-emitting diode (LED) array or liquid crystal display (LCD), that provides a 

10 representation of the concentration. A second alphanumeric display 72 indicates 
whether some threshold change in concentration has been monitored over a 
predetermined interval. 

Information concerning the concentration computed by 
microprocessor 62 can also be applied to certain control elements 32 included as 

15 part of a larger control system. As will be appreciated, when supplied with 
information about the concentration of a component in solution and whether that 
concentration has varied by a predetermined amount over a given interval, the 
control elements 32 are able to initiate changes in the processing of the solution 
to achieve some predetermined component concentration. Thus, in addition to 

20 providing raw information to control elements 32 microprocessor 62 may instruct 
control elements 32 concerning the proper response to that information. 

Via output interface 68, microprocessor 62 also provides energy 
to the binding reversal element 38 at intervals and levels determined in 
accordance with instructions from ROM 64. In this manner, the binding 

25 element 32 is caused to release the component back into solution as described 
previously in connection with the discussion of sensor element 16. 

As will be appreciated, the instructions stored in ROM 64 that 
govern microprocessor 62 operation can be entered or altered by the operator's 
use of input elements 28. These elements 28 include a keypad 72 such as 

30 pressure-sensitive switches 74 that allow, for example, binding reversal to be 
initiated manually or automatically at predetermined intervals. Further, 
keyboard 72 allows the instrument console to be turned on and information 
entered into RAM 66 for use by microprocessor 62 in controlling the operation of 
measuring system 10. 
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Summarizing the operation of the measuring systems 10 described 
above, with respect to the system 10 shown in FIGURE 1, the sensor element 16 
is exposed to a solution of interest at some location remote from console 12. 
The binding protein 32, which is receptive to a particular component of the 

5 solution and has a predetermined binding coefficient K D , is provided on the gate 
insulator region 52 of IGFET 40. As the binding protein 32 couples the 
component in solution to the insulative material 50 of IGFET 40, the drain 
current established in IGFET 40 by processing circuit 26, via cable 18, varies as a 
function of, for example, the concentration of the component in solution. With 

10 IGFET 40 connected in series with one of the inputs of the flip-flop 56, an 
imbalance in the unstable operation of flip-flop 56 results. The 
microprocessor 62 monitors this imbalance via signals received through cable 18 
and determines the concentration of the component in solution by referring to 
empirically derived calibration curves stored in ROM 64. Microprocessor 62 

15 provides the appropriate output information to the user via the display 
elements 32 and offers control over a solution processing system via control 
elements 32. The sensor element 16 can then be effectively "cleared" by 
activating the binding reversal element 38, causing binding element 32 to release 
the component of interest. 

20 In the arrangement shown in FIGURE 2, the sensor element 16 

includes five separate IGFET 40 and flip-flop 56 sections designated A, B, C, D, 
and E. While the sensor element 16 may be exposed to the solution of interest at 
some location remote from console 12 and subsequently analyzed upon insertion 
into console 12, in a preferred arrangement the sensor element 16 is both 

25 exposed to the solution and analyzed by processing circuit 26 after insertion. In 
this regard, the mechanical engagement between console 12 and sensor element 
16 provides a fluid tight seal around sensor element 16. A first port 65 provided 
on the console 12 allows the solution of interest to be introduced into console 12, 
exposing the binding elements 32 on sensor element 16. An exit port 67 then 

30 exhausts the solution from console 12. 

As will be appreciated, regardless of the manner in which the 
sensor element 16 of FIGURE 2 is exposed to the solution of interest, sensor 
element 16 is electronically connected to the processing circuit 26 upon ins rtion 
into console 12. . Processing circuit 26 controls and responds to information from 

35 
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each section A, B, C, D, and E in substantially the same manner described above 
for the single IGFET 40 and flip-flop 56 arrangement. Keypad 72 and display 24 
allow operator inputs and information outputs, respectively, to be effected. 

As will be appreciated, numerous variations of the multiple 

5 IGFET 40 and flip-flop 56 sensor element 16 can be employed to adapt measuring 
system 10 for use in particular applications. If the same binding element 32 
having the same binding coefficient or affinity K D is provided on the gate 
insulator region 52 of each IGFET 40, information from each IGFET 40 and flip- 
flop 56 can be used to simultaneously determine the concentration of the 

10 component in solution and produce an average value for display. Alternatively, 
this configuration allows information to be extracted from certain IGFETs 40, 
while the operation of the binding elements 32 on other IGFET 40 gates 52 is 
reversed. For example, with the sensor element 16 shown in FIGURES 2 and 7 
employed, the operation of the binding elements 32 on the IGFETs 40 in section 

15 A can be reversed while information is extracted from sections B, C, D, and E. 
Then the operation of sections B, C, D, and E can be reversed sequentially while 
information is extracted from the other nonreversed sections. Although this 
technique requires some thermal isolation between adjacent IGFETs 40, it 
provides the possibility of maintaining continuous, updated, measurements of the 

20 component concentration in solution, with some IGFETs 40 always collecting 
information. As will be appreciated, this energization and reversal process is 
controlled by microprocessor 62 in response to instructions stored in ROM 64. 

In another embodiment of sensor element 16 employing multiple 
IGFETs 40 and flip-flops 56, different binding elements 32 may be attached to 

25 the gates or gate insulators 52 of different IGFETs 40. If these binding 
elements 32 are selected to respond to different components in the solution, it is 
then possible for microprocessor 62 to analyze characteristics of different 
components of the solution simultaneously. For example, with the sensor 
element 16 shown in FIGURES 2 and 7 constructed to operate in this manner, the 

30 binding elements 32 immobilized on the insulating material 50 of the IGFETs 40 
in each section A, B, C, D, and E allow section A to respond to a first 
component, section B to respond to a second component, section C to respond to 
a third component and so on. By employing a plurality of IGFETs 40 with each 
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binding protein 32 selected, it is further possible to provide the continuous 
analysis described above for each component. 

In another embodiment of the multiple IGFET 40 and flip-flop 56 
sensor element 16, binding elements 32 for the same components are 

5 immobilized upon the insulative material 50 of each IGFET 40 but the binding 
coefficient K D is different for each of the binding elements 32. As will be 
appreciated, when a sensor element 16 constructed in this manner is exposed to a 
solution containing the component of interest, the degree to which the 
component is bound to the gate region 52 of a particular IGFET 40 will be a 

10 function of the binding coefficient K D associated with the corresponding binding 
element 32. Thus, a series of incremental responses will be received by 
microprocessor 62 from the various IGFETs 40 and flip-flops 56. 

Addressing this arrangement in greater detail, with the sensor 
element 16 shown in FIGURES 2 and 7 constructed in this manner, the five 

15 sensor sections A, B, C, D, and E each include at least one IGFET 40. If the 
binding coefficient K D of the binding proteins 32 immobilized on the insulative 
material 50 of the IGFETS 40 decreases with each consecutive section A, B, C, 
D, and E, the magnitude of the response of the IGFETs 40 in each section to 
changing component concentration will be as shown in FIGURE 8. While the 

20 curves shown are sigmoidal, the usual response vs. concentration curves are 
hyperbolic in nature. As indicated, the magnitude of the response at each 
section includes a relatively linear region during which an increase in 
concentration causes a corresponding increase in the magnitude of the section's 
response. Beyond this linear region, however, a saturated region exists in which 

25 increasing concentration of the component in solution does not substantially 
affect the magnitude of the section's response. 

As will be appreciated, the response of an IGFET 40 in any 
particular section is determined by monitoring the drain current I D . With flip- 
flops 56 employed, this becomes a matter of comparing the number of high 

30 outputs received with the number of voltage pulses applied to IGFET 40. 
Alternatively, the analog value of the drain current I D can be measured directly 
by processing circuit 26. While I D is actually inversely proportional to 
concentration In the linear region of each section's response, the following 
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discussion, as well as FIGURE 8, treats the magnitude of the various sections 1 
response positively for convenience. 

Whether the response of sensor section A, B, C, D, and E is 
produced via digital or analog hardware, the resultant information can be 

5 analyzed in several fashions. First, a "digital" mode of analysis will be 
addressed. In this mode of operation, microprocessor 62 receives appropriately 
conditioned information concerning the response of each sensor section A, B, C, 
D, and E. With reference to FIGURE 8, if sensor element 16 is exposed to a 
solution having a component concentration designated X, the response of section 

10 E will fall within the saturated region and the section D response will be within 
the linear region. The remaining sections A, B, and C will be relatively 
unaffected. By requiring that the response of a section reach some 
predetermined threshold close to saturation before an output is produced, 
microprocessor 62 will only produce a high output for section E. 

15 Now, if the concentration of the component in solution is 

increased to Y, the operation of sections B, C, D, and E will all be within the 
saturated region and only section A will be operating in the linear region. As a 
result, microprocessor 62 will produce high outputs corresponding to sections B, 
C, D, and E of sensor element 16. 

20 In this manner an effectively digital analysis of the response of 

sensor element 16 is achieved. More particularly, if a high output corresponding 
only to the operation of section E is produced, a relatively low concentration is 
indicated. If high outputs for sections D and C are also produced, an 
intermediate concentration is indicated. When sensor element 16 is exposed to a 

25 solution including the component of interest in relatively high concentration, 
high outputs for all five sections will result. 

Thus, by appropriately selecting the binding coefficient K D of the 
various binding elements 32, as well as the number of sections and relative 
variation between the various binding elements 32, substantially any quantization 

30 of the sensor element response can be achieved. Further, with a sufficiently 
large number of IGFETs 40 employed, certain error desensitization techniques 
can be employed. More particularly, if sensor element 16 included thirty 
sections and the response of sections ten through thirty was high, with the 
exception of section twenty-seven, microprocessor 62 could be instructed to 

35 
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reject the output of section twenty-seven as being most likely erroneous. As will 
be appreciated, with a single section employed such a correction would not be 
possible. 

Because the accuracy of this digital operation is a function, in 

5 part, of the number of sections employed, if the sensor element 16 only includes 
a few sections it may be desirable to enhance the accuracy of the resultant 
measurement by switching microprocessor 62 to an "analog" mode of analysis. In 
this mode of operation, if the concentration of the component in solution is, for 
example, X, as shown in FIGURE 8, microprocessor 62 can use the information 

10 from section D to determine the corresponding concentration by referring to 
empirically derived calibration curves stored in ROM 64. Thus, even though the 
response of section D might be inadequate to initiate a digital output from 
microprocessor 62, in the analog made of operation, valuable information is 
obtained enhancing accuracy. 

15 Regardless of the operation of sensor element 16, a system 10 

constructed in accordance with this invention does not require the use of 
external standard calibration references. More particularly, given the precise 
nature of the K D of the binding elements 32, the relationship between the output 
of sensor element 16 and the concentration of the component in solution does not 

20 require adjustment between sensors. 

As will be appreciated, a measuring system 10 constructed in the 
preceding manner has numerous applications. In the medical industry, system 10 
can be used for blood and urine analysis. One specific example of a digital 
detector employs monoclonal antibodies directed against a drug. The binding 

25 constants of the monoclonal antibodies are determined by equilibrium dialysis. 
Antibodies with the appropriate affinities are used to construct. a detector that 
covers the entire range of drug levels found in physiological fluids. In various 
industries, including the food industry, system 10 can be used for process 
monitoring and system/quality control. In agriculture, soil and fertilizer analysis 

30 can be performed by system 10. The monitoring and management of waste 
streams provides an environmental application for system 10. 

Those skilled in the "art will recognize that the embodiments 
disclosed herein are exemplary In nature and that various changes can be made 
therein without departing from the scope and spirit of the inventi n. In this 
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regard, and as was previously mentioned, the invention is readily embodied with 
various semiconductor configurations. Further, the information produced can be 
analyzed in either analog or digital form. Thus, an analog-to-digital converter 
could be employed in place of the flip-flops described or the analog output of the 
IGFET could be analyzed directly. Numerous configurations of the sensor can 
also be provided to enhance the utility of the measuring instrument with respect 
to a particular application. Because of the above and numerous other variations 
and modifications that will occur to those skilled in the art, the following claims 
should not be limited to the embodiments illustrated and discussed herein. 
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The embodiments of the invention in which an exclusive property 
or privilege is claimed are defined as follows: 

1. A system for detecting a characteristic of a component 
of a medium comprising: 

a sensor including detection means for responding electronically 
when exposed to said component and binding means for binding said component 
5 to said detection means; and 

processing means, coupled to said sensor, for producing an output 
indicative of said characteristic of said component of said medium. 

2. The system of Claim 1, wherein said binding means 
reversibly binds said component to said detection means. 

3. The system of Claim 2, wherein said characteristic of 
said component of said medium detected by said instrument is its concentration. 

4a The system of Claim 2, wherein said medium is a 

solution. 

5. The system of Claim 4, wherein said binding means of 
said sensor comprises an organic ligand binder. 

6. The system of Claim 5, wherein said detection means of 
said sensor comprises a semiconducting material. 

7. The system of Claim 6, wherein said semiconducting 
material comprises at least one field-effect transistor having a gate insulator 
region, source region, and drain region, said organic ligand binder being coupled 
to said gate insulator region, said processing means applying an electronic signal 

5 between said source region and said drain region, the binding of said component 
to said gate insulator region influencing said signal, said processing means 
responding to the influence of said component on said signal to produce said 
output indicative of said characteristic of said component. 
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8. The system of Claim 7, wherein said semiconducting 
material comprises a plurality of said field-effect transistors, a separate said 
organic ligand binder being coupled to said gate insulator region of each said 
field-effect transistor. 

9. The system of Claim 8, wherein each said separate 
organic ligand binder has a different binding coefficient with respect to said 
component of said solution* 

10. The system of Claim 9, wherein said processing means 
applies an electronic signal between said source region and said drain region of 
each said field-effect transistor, the binding of said component to said gate 
insulator region of each said field-effect transistor influencing each said 

5 electronic signal in a manner functionally related to the binding coefficient of 
said organic ligand binder coupled to the corresponding said gate insulator 
region, said processing means responding to the influence of said component on 
each said signal to produce said output indicative of said characteristic of said 
component. 

11. The system of Claim 8, wherein each said separate 
organic ligand binder reversibly binds a different said component to said 
semiconducting material, 

12. The system of Claim 11, wherein said processing means 
applies electronic signals between said source region and said drain region of 
each said field-effect transistor, the binding of said components to said insulator 
regions of said field-effect transistors influencing each said electronic signal, 

5 said processing means responding to the influence of said components on each 
said signal to produce said output indicative of the characteristic of each said 
component. 

13. The system of Claim 6, wherein said semiconducting 
material further comprises a resistor for producing a temperature increase in 



WO 88/08972 



PCT/US88/01494 



-22- 



said semiconducting material that causes said organic ligand binder to free a 
component previously bound to said semiconducting material. 

14. The system of Claim 6, wherein said semiconductor 
material further comprises means for effecting a charge reversal in said 
semiconducting material that causes said organic ligand binder to free a 
component previously bound to said semiconducting material. 

15. The system of Claim 6, wherein said processing means 
further comprises a microprocessor for monitoring said signal and producing said 
output indicative of the characteristic of said component by referring to 
empirically derived data correlating the characteristic with the signal level, and 
display means for producing a visual representation of the characteristic of said 
component. 

16. The system of Claim 15, wherein said microprocessor 
further produces a control signal indicative of the change in said solution 
required to achieve a predetermined characteristic of said component. 

17. A method of detecting a characteristic of interest of a 
component of a medium comprising the steps of: 

binding said component to a semiconducting element that 
responds electronically to said component; 

monitoring the electronic response of said semiconducting 
element to said component; and 

producing an output indicative of said characteristic of interest, 
said output being a function of the electronic reponse monitored. 

18. The method of Claim 17, wherein said step of binding said 
component to said semiconducting element comprises the step of reversibly 
binding said component to said semiconducting element. 

19. The method of Claim 18, wherein said step of reversibly 
binding said component to a semiconducting element further comprises the steps 
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immobilizing an organic ligand binder on a semiconducting 

material; and 

exposing said immobilized organic ligand binder to said medium, 
said organic ligand binder reversibly binding said component to said 
semiconducting element. 

20. The method of Claim 19, wherein said medium is a 

solution. 

21. The method of Claim 20, wherein said characteristic of 
interest is the concentration of said component in said solution. 

22. The method of Claim 20, wherein said semiconducting 
element comprises a field-effect transistor having gate insulator, drain and 
source regions, said organic ligand binder being immobilized on said gate 
insulator region. 

23. The method of Claim 22, wherein said step of monitoring 
the electronic response of said field-effect transistor comprises the step of 
applying an electric potential between said drain and source regions to induce a 
current therebetween and the step of determining the affect said component 
bound by said organic ligand binder to said gate insulator region has upon said 
current. 

24. The method of Claim 21, further comprising the step of 
reversing the binding of said component by said organic ligand binder. 

25. The method of Claim 24, wherein said step of reversing 
comprises the step of heating said semiconducting element. 

26. The method of Claim 25, wherein said step of heating 
said semiconducting element comprises the step of applying a voltage to a 
resistor included in said semiconducting element. 
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27. The method of Claim 25, wherein said step of heating 
said semiconducting element comprises the step of exposing said organic ligand 
binder to warm water. 

28. The method of Claim 24, wherein said step of reversing 
comprises the step of exposing said organic ligand binder to a denaturing agent, 

29. The method of Claim 21, further comprising the step of 
producing a control signal in response to said characteristic of said component in 
said solution, said control signal being usable to effect a change in said solution. 

30. A system for detecting a characteristic of at least one 
component of a medium, said system comprising: 

a sensor including detection means for responding electronically 
when exposed to said component and a plurality of binding means for binding said 
5 component to said detection means; and 

processing means, coupled to said sensor, for producing an output 
indicative of said characteristic of said component of said medium. 

31. The system of Claim 30, wherein said binding means 
reversibly bind said component to said detection means. 

32. The system of Claim 31, wherein said detection means 
includes a plurality of detection elements, upon which said binding means are 
immobilized, each said detection element responding electronically to the 
binding of said component to said "defection" element by said binding means 

S immobilized thereon. 

33. The system of Claim 32, wherein said binding means 
immobilized on separate said detection elements bind different components of 
said medium to said detection elements, said processing means producing outputs 
indicative of the characteristics of each said component of said medium. 
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34. The system of Claim 32, wherein said binding means 
immobilized on separate said detection elements bind the same components of 
said medium to said detection elements, but have different binding coefficients. 

35. The system of Claim 34, wherein said processing means 
produces a digital output corresponding to the electronic response of each said 
detection element, prior to producing said output indicative of said 
characteristic of said component. 

36. The system of Claim 35, wherein said processing means 
rejects said digital outputs that are determined to be in error. 

37. • A method of detecting a characteristic of at least one 
component of a medium, said method comprising the steps of: 

binding said component to a plurality of detection elements that 
respond electronically to said component; 
5 monitoring the electronic response of said detection elements to 

said component; and 

producing an output indicative of said characteristic of interest, 
said output being a function of the electronic response monitored. 

38. The method of Claim 37, wherein said step of binding said 
component to said detection elements comprises the step of reversibly binding 
said component to said detection elements. 

39. The method of Claim 38, wherein the step of binding said 
component to said detection elements comprises the step of binding different 
said components to different said detection elements, said step of producing an 
ouput indicative of said characteristic of said component comprising producing 

5 separate outputs indicative of each said component bound to a different 
detection element. 

40. The method f Claim 38, wherein the step of binding said 
compon nt to said detection elements comprises the step of binding said 
component to different said detection elements in different degrees. 
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41. The method of Claim 40, wherein said step of producing 
an output indicative of said characteristic of said component further comprises 
the step of producing a digital output for each said detection element as a 
function of the electronic response of said detection element to the binding of 

5 said component. 

42. The method of Claim 41, further comprising the step of 
rejecting said digital outputs determined to be in error. 

43. A system for detecting a characteristic of at least one 
component of a medium, said system comprising: 

a sensor including a plurality of detector elements for responding 
electronically when exposed to said component and a plurality of binding means 

5 for binding said component to said detection elements, each said binding means 
being selectively responsive to a specific range of said component characteristic 
and being immobilized on separate said detection elements, each said detection 
element responding electronically to the binding of said component to said 
detection element; and 

10 processing means coupled to said sensor, for producing a digital 

output corresponding to the electronic response of each said detection element 
and analyzing said digital outputs to determine said characteristic of said 
component without reference to an external calibration standard. 
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